The aim of this study was to develop a fast, reliable and true-to-type protocol for in vitro plant regeneration and long-term storage of horned pansy (Viola cornuta L). Seed germination over 60% was recorded after 12 weeks of growth at 10 °C or 4 °C. Calli formation and shoot induction were obtained in petiole and hypocotyl culture on half-strength MS mineral salts with full concentration of Na-FeEDTA and vitamins (½MS medium) with 2,4-dichlorophenoxyacetic acid (2,4-D, 0.1 mg/L) and 6-benzylaminopurine (BAP, 2.0 mg/L) and leaf culture on ½MS medium with thidiazuron (TDZ,1.0 mg/L). The highest frequency of adventitious shoot induction (50%) with six shoots/explant was achieved in hypocotyl culture from top hypocotyl segments, close to epicotyl which was grown 8 weeks at 16 h light/8 h dark photoperiod. Subsequent shoot multiplication was achieved on ½MS medium with α-naphthaleneacetic acid (NAA, 0.1 or 0.5 mg/L) and BAP (1.0 mg/L). Rooting of shoots was obtained on ½MS medium with low concentration (0.1 mg/L) of auxins: indole-3-acetic acid (IAA), indole-3-butyric acid (IBA) or NAA, or without growth regulators. In vitro-derived plantlets were acclimatized under greenhouse conditions. All plants developed normally, bloomed and set seeds. Shoot tips were cryopreserved succssefully using modified plant vitrification 3 (PVS3-based vitrification procedure). Cold acclimation for 2 weeks significantly improved shoot regrowth (64%) after thawing in comparison to non-acclimated shoots (39%). Clonal fidelity of regenerated plantlets at ploidy level was confirmed by chromosome counting. The presented protocol can be useful for mass propagation, genetic transformation studies and long-term storage of valuable Viola spp.
Introduction
Viola cornuta, also known as horned pansy, is a valuable perennial ornamental plant belonging to the Violaceae family. Horned pansy grows naturally in the high Pyrenees in Spain and France. There are more than 25 cultivars and hybrids that have been created by interspecific hybridization between V. cornuta with V. wittrockiana with flower colours ranging from yellow to violet. Along with their ornamental value, some cultivars represent an excellent model system to study the regulation of flower development and natural flower colour changes (Farzad et al. 2002 (Farzad et al. , 2003 (Farzad et al. , 2005 .
These facts make V. cornuta a good candidate for investigating the possibilities for producing new cultivars using classical and modern biotechnology methods. In general, modern molecular approaches, such as genetic engineering, polyploidization or interspecific hybridization, provide great potential for the development of new traits such as novel flower colours that cannot be achieved with classical breeding (Chandler and Tanaka 2007; Chandler and Brugliera 2011; Jeknić et al. 2014 ). Most of the strategies for molecular breeding of ornamentals, especially Agrobacterium-mediated gene delivery, are performed under in vitro conditions and development of an efficient and true-to-type system for regenerating the entire plant is a prerequisite for these studies (Zhao et al. 2000; Karimi et al. 2009 ).
To date, several studies have been available about in vitro plant regeneration of ornamentally or medicinally important Viola species such as: V. baoshanensis , V. tricolor (Babber and Sharma 1991) , V. odorata (Wijowska 
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17 Page 2 of 10 et al. 1999 ; Naeem et al. 2013) , V. patrini (Sato et al. 1995; Chalageri and Babu 2012) , V. pilosa (Soni and Kaur 2014) , V. serpens (Vishwakarma et al. 2013) , V. uliginosa (Slazak et al. 2015) and V. wittrockiana (Wang and Bao 2007) . Different types of initial explants have been used for the establishment of callus cultures of Viola spp., including unfertilized ovules (Wijowska et al. 1999) , seedling explants (Wang and Bao 2007; Li et al. 2011) , or explants obtained ex vitro (Chalageri and Babu 2012; Naeem et al. 2013) or in vitro grown plants (Antonić et al. 2017 ). In the culture of seedling explants of V. wittrockiana, the presence of auxins in culture media is necessary for callus induction, and subsequent changes of several culture media are essential for shoot development. Most of the published protocols for shoot induction of Viola sp. require several changes of culture media (Wang and Bao 2007) and/or very long cultivation time for shoot induction (Slazak et al. 2015 ).
An in vitro system allows large-scale and continuous production of uniform plant material under control conditions as well as their conservation. This system is labour intensive, susceptible to contamination and errors with a high risk of possible loss of plant material. Therefore, the development of in vitro conservation methodologies is of great importance for short-or long-term maintenance of valuable plant material. Cryopreservation represents one of the main strategies for in vitro conservation, since plant material is stored in liquid nitrogen (LN) for a prolonged period of time requiring minimum space and low maintenance. In contrast to the continuous in vitro cultivation, the cryopreservation of plant germplasm material minimizes the occurrences of genetic or somaclonal variations (Kulus and Zalewska 2014) . Recently, several cryopreservation techniques have been developed, which include direct immersion in LN after removal of intracellular water from plant tissue by physical evaporation or by exposure of the tissues to highly concentrated cryoprotective substances (vitrification). In vitrification-based cryopreservation protocols almost all freezable intracellular water is removed by dehydration to avoid unfavourable ice crystallization in cells. Many vitrification solutions have been developed in the last years and the most commonly used are glycerol-based plant vitrification solutions (PVS2 and PVS3, Sakai and Engelman 2007) . The vitrification solution contains a high concentration of sucrose that, together with the other compounds, causes the desiccation of tissues prior to freezing, preventing the formation of ice crystals. There are not many reports about cryopreservation of Viola spp. Recently, Soni and Kaur (2014) published the results of their study on cryopreservation of medicinally important V. pilosa by PVS2-based vitrification technique that resulted in about 42% of successful shoots recovery after retrieval from LN.
The present study was undertaken with the goal of developing an efficient and reliable protocol for in vitro plant regeneration and long-term storage of germplasm material of V. cornuta L. We evaluated the factors affecting in vitro seed germination, induction of plant regeneration using different seedling explants as primary explants, shoot multiplication, rooting and long-term storage of in vitro-grown shoots and evaluated the clonal fidelity of regenerated plants at ploidy level.
Materials and methods

Plant material
Seeds of Viola cornuta L. 'Lutea Splendens' were purchased from B & T World Seeds (http://b-and-t-world -seeds .com; Catalogue number 24421).
Surface sterilization and germination of seeds
Seeds were rinsed in tap water for 1 h before being soaked in a 20% commercial bleach solution containing 4% NaOCl for 20 min. The bleach solution was then decanted and 96% ethanol was added. After 1 min, ethanol was removed and the seeds were washed three times with sterile distilled water and placed in plastic Petri dishes (100 × 15 mm) filled with culture medium. Sterilized seeds were cultured on moist paper or culture medium supplemented with full-strength Murashige and Skoog (1962) mineral salts and vitamins, 20 g/L sucrose, 100 mg/L myo-inositol, 100 mg/L tyrosine, 80 mg/L adenine hemisulphate, gelled with 0.7% (w/v) agar (Torlak, Belgrade, Serbia) (MS medium), and the solid medium described above with half-strength MS mineral salts, full concentration of Na-FeEDTA and vitamins (½MS medium) for 4, 8 or 12 weeks. The pH of all culture media was adjusted to 5.8 using 1 M HCl and/or 1 M NaOH before autoclave sterilization. Twenty seeds were placed in each Petri dish with culture medium, sealed with Parafilm ® , covered with aluminium foil and cultured in the dark in growth chambers set at 22 ± 2 °C, 10 °C or 4 °C. All treatments included four Petri dishes and experiments were repeated twice.
In vitro plant regeneration
The leaves, petioles and hypocotyl segments from welldeveloped seedlings (5-8 cm long) were cut into small pieces (5-10 mm long) and cultured in the dark in Petri dishes containing plant growth regulator (PGR)-free ½MS medium or ½MS medium supplemented with 2,4-dichlorophenoxyacetic acid (2,4-D, 0.1 mg/L), and 6-benzylaminopurine (BAP, 2.0 mg/L) or thidiazuron (TDZ, 1.0 mg/L).
Additionally, the effect of light conditions and explant origin in the culture of hypocotyl explants was evaluated. Hypocotyl segments were cut into small pieces (5 mm long), and cultured in Petri dishes containing 20 mL of ½MS medium supplemented with 2,4-D and BAP. Samples in three repetitions (Petri dishes with 25 explants) were cultured in the dark or 16 h light/8 h dark photoperiod with 80-100 µmol/m 2 /s PPFD light intensity at 22 ± 2 °C. The number of hypocotyl explants with developed calli and shoots was scored after 4 weeks of culture using a dissecting microscope (10 ×) and the experiment was repeated twice. To determine the effect of hypocotyl explant origin on shoot induction, we divided the seedling hypocotyl into three parts. Hypocotyl explants excised from the upper part of the hypocotyl were designed as h 1 section (top), between the top and bottom as h 2 section (middle) and the bottom part of the hypocotyl as the h 3 section. Explants were cultured on ½MS medium supplemented with 2,4-D and BAP in three repetitions (Petri dishes with 15 explants of the same hypocotyl segment type) and grown in a growth chamber at 22 ± 2 °C at 16 h light/8 h dark photoperiod as described above.
Well-developed shoots from primary explants were transferred to 100 mL Erlenmeyer flasks containing 30 mL of solid ½MS medium supplemented with α-naphthaleneacetic acid (NAA, 0.1 or 0.5 mg/L) and BAP (1.0 mg/L) or PGRfree ½MS medium. All cultures were grown in a growth chamber under 16 h light/8 h dark photoperiod at 22 ± 2 °C. Stable shoot cultures were maintained by subculturing ten nodal segments on fresh culture medium containing NAA and BAP every 4 weeks.
For root induction, ~ 2 cm-long apical shoots from multiplication stage were cut and transferred to PGR-free ½MS medium or ½MS medium with low concentration (0.1 mg/L) of different auxins: indole-3-acetic acid (IAA), indole-3-butyric acid (IBA) or NAA. Ten shoots were cultured in 700 mL glass jars with 100 mL of culture media. After 8 weeks, several morphological characteristics were estimated: average number of developed branches/plant, plant height, number of nodules/plant, frequency of rooting, number of roots/shoot and average length of the longest root. The experiments were conducted in five replicates and repeated twice.
Cryopreservation procedure
Nodal segments of in vitro-grown shoots were cultured for 3 weeks on ½MS medium with NAA and BAP for development of axillary shoot. Developed apical shoots (1 cm) were cut and cultured on ½MS medium supplemented with 0.1 mg/L BAP for 2 weeks at 22 or 4 °C for cold acclimation. Shoot tips (1-2 mm) were isolated and cultured on ½MS medium with 0.3 M sucrose for 1 day before immersion in loading solution (2M glycerol, 0.4 M sucrose) (Nishizawa et al. 1993 ) filled in cryovials for 30 min. Osmotic dehydration with PVS2 solution (30% w/v glycerol, 15% w/v ethylene glycol and 15% v/w DMSO in liquid ½MS medium with 0.4 M sucrose) (Sakai et al. 1990 ) was tested at 0 °C or 22 °C for 20 min. Osmotic dehydration with PVS3 (50% v/w sucrose, 50% v/w glycerol in liquid ½MS medium) (Nishizawa et al. 1993 ) was tested at 22 °C for 45 min before direct immersion in LN. Cryovials with shoot tips remained at least 1 day or several months immersed in LN. Re-warming was performed in a 42 °C water bath for 1-2 min. After re-warming, the PVS solutions were replaced with unloading solution containing ½MS with 1.2 M sucrose for 20 min. Re-warmed shoot tips were cultured on ½MS medium with 0.1 mg/L BAP. Survival was estimated 1 week after thawing as the number of green shoot tips, while the regrowth was measured as full recovery of shoots and development of new well-formed leaves after 4 weeks of culture.
Plant acclimatization
Rooted plants were washed with water to remove adhering agar and planted in a soil mix of peat and perlite (3:1) in plastic pots (30 cm × 20 cm). Plastic pots with plantlets were covered with transparent foil during the first 2 weeks of acclimatization. Afterward, plantlets were grown uncovered in greenhouse conditions till flowering.
Chromosome analysis
For chromosome counting, root tips were collected from seedlings and in vitro-derived plantlets (before and after cryopreservation) rooted on medium supplemented with 0.1 mg/L NAA. Root tips were pre-treated with 2 mM 8-hidroxiqinoline at room temperature for 4-5 h, fixed in Carnoy's solution (ethanol:glacial acetic acid 3:1) for 24 h at 4 °C and stored dehydrated in 70% ethanol before analysis. Dehydrated roots were hydrolysed in 1 N HCl for 15 min at 60 °C and subsequently stained with 1% (w/v) aceto-orcein for 10 min. Stained root tips (1-2 mm) were squashed in a drop of 45% acetic acid. Ten plantlets per sample and about 30 cells per plant were used for chromosome analysis using light microscopy (Carl Zeiss AxioVision microscope, Zeiss, Germany).
Data analysis
Data analysis was performed using the Statistica 8 statistical package. The significance of culture media and temperature on seed germination was determined using two-way analysis of variance (ANOVA). All other data were analysed using oneway ANOVA. The differences between treatment means were tested using Fisher's LSD test (p ≤ 0.05).
Results and discussion
In vitro seed germination
The germination rate of V. cornuta on moist filter paper was low. Only 10% of V. cornuta seeds germinated after 4 weeks of cultivation at 22 °C. For the same period of time, 32-36% of seeds grown on culture medium germinated under standard growth condition (22 °C) regardless of the concentration of mineral salts in the culture medium (Table 1) . In vitro seed germination of V. cornuta was significantly improved by increasing the duration of culture and lowering of incubation temperature ( Table 1) . The best seed germination (63.7-71.2%) was obtained in seeds cultured for 12 weeks at lower temperature (10 or 4 °C), compared with 45% of seed germination obtained at 22 °C for the same period of time. Also, chilling of seeds for longer than 8 weeks significantly promoted seed germination regardless of the medium composition (Table 1) . Analysis of variance showed that the temperature of seed cultivation was the most important factor affecting seed germination of V. cornuta L. 'Lutea Splendens'. Seeds of other Viola spp. are not easy to germinate and showed remarkable variation in germination requirements during cultivation in culture in vitro (Mitchell et al. 2000; Li et al. 2011; Mokhtari et al. 2016) . Mitchell et al. (2000) reported that V. cornuta 'Perfection' seeds germinated at high rates on moist filter paper under a broad range of temperatures (20-25 °C) and chilling did not have a positive effect on seed germination. We obtained seed germination over 70% after prolonged culture of seeds and lowering the temperature of cultivation to 10 °C. Higher germination rates of horned pansy seeds at 10 °C are not unexpected findings, since this temperature regime is usually present during autumn and spring in the regions where this species is naturally found. Similar results of enhanced seed germination after cultivation at 10 °C were found for many other plant species from the Mediterranean region (El Aou-ouad et al. 2014) . Although there are reports about very low seed germination of Viola spp. on culture media with decreased concentration of mineral salts , it was not a significant factor for in vitro seed germination of V. cornuta.
In vitro plant propagation and acclimatization
The concentration of mineral salts in culture medium was an important factor for induction, further development and multiplication of V. cornuta. The best results were achieved on media with half-strength MS mineral salts containing full-strength Na-FeEDTA and vitamins. These findings are in agreement with those of Sato et al. (1995) and Mokhtari et al. (2016) , who revealed that dilution of basal salts of MS medium was important for successful shoot induction and plantlet regeneration of other violas and pansies.
Correct selection of primary explants for establishing an efficient protocol for in vitro plant regeneration is a prerequisite for further transformation studies for Viola sp. and many other plant species (Alimohammadi and Bagherieh-Najjar 2009 ). In our study, the formation of first shoot primordia was observed after 4 weeks in leaf culture on medium supplemented with TDZ (Fig. 1a) and in petiole (Fig. 1b) and hypocotyl culture (Fig. 1c ) on medium supplemented with 2,4-D and BAP (Table 2) . Our results showed that petioles are the best explants for shoot induction in V. cornuta. This is in accordance with results obtained for not only seedling explants, but also other ex vitro or in vitro grown shoots of different Viola spp. (Sato et al. 1995; Wang and Bao 2007; Vishwakarma et al. 2013; Antonić et al. 2017) . Seedling explants (petiole, leaf or root segments) as an initial source of primary explants for establishing a protocol for Viola spp. in vitro regeneration have been used for V. wittrockiana 'Caidie' (Wang and Bao 2007) and V. baoshanensis ). Wang and Bao (2007) observed only callus induction on petiole and leaf explants of V. wittrockiana 'Caidie' after 4 weeks of culture on media supplemented with 2,4-D and BAP. Successful shoot regeneration was possible only on petiole-derived calli after subsequent change of several different media. In contrast to previous study, Li et al. (2011) reported high callus (93%) and shoot regeneration (60%) from leaf explants of V. baoshanensis after 6 weeks of culture on media supplemented with NAA and BAP. However, there is no information about the effect of TDZ as the sole PGR in the first step of morphogenesis induction in Viola sp. Slazak (2015) reported that shoot induction in culture of V. uliginosa leaf and petiole explants (6% and 10%, respectively) occurred 6 months after transfer of calli induced on medium with 2,4-D and kinetin (KIN) to medium with TDZ (1.0 mg/L). In our study, we observed significant potential of TDZ (1.0 mg/L) to induce adventitious shoots after only 4 weeks of culture of the initial V. cornuta leaf explants. The activity of TDZ is usually explained by induction of cytokinin accumulation as well as by accumulation of auxin in primary explants cultured on media with TDZ (Murthy et al. 1998; Murch and Saxena 2001) . The review of literature showed that there was no information about in vitro regeneration of violas and pansies, from hypocotyl segments as primary explants. Different factors can influence the morphogenic potential of initial explants in culture in vitro such as culture conditions, plant growth regulators, genotype, explant position on mother plant and physiological status of mother plant or age of seedlings (Sharma et al. 2011; Gomes and Garcia 2013) . We found the best morphogenic response in hypocotyl explants grown on medium supplemented with 2,4-D and BAP where most of the explants first developed callus (>97%), and shoots developed only sporadicaly (2%, Table 2 ). Morphogenetic response of hypocotyl explants was increased in segments grown under 16 h light/8 h night photoperiod achieving 32% of shoot induction after 4 weeks of culture. Furthermore, the induction of adventitious shoots in hypocotyl explants of horned pansy depended on which part of the hypocotyl was used (Fig. 1d) . Hypocotyl segments close to the epicotyl showed the best shoot induction potential (Table 3) . After 4 weeks of culture, the highest shoot induction response was obtained in the proximal h 1 section, which was significantly higher than that in other hypocotyl segments (h 2 and h 3 ). More than five times higher shoot induction response was achieved in h 1 (45%) than in the h 3 hypocotyl segment (8%). After prolonged culture (8 weeks), half of the initial h 1 hypocotyl explants developed shoots and two times more adventitious shoots were developed in h 1 than in other hypocotyl sections (Table 3) . Furthermore, we observed that the morphogenetic potential of different hypocotyl explants greatly varied among different seeds. Figure 1e -g presents the morphogenetic response of the top (Fig. 1e), middle (Fig. 1f) and bottom (Fig. 1g) hypocotyl segments derived from five seeds. We noticed that all hypocotyl segments from the same seeds, irrespective of their position, showed capability to develop shoots (Fig. 1e-g, fifth in a row) , while those from others produced no shoots (Fig. 1e-g, second in row) , indicating genotype dependency of this process in V. cornuta. The phenomenon of the varied morphogenetic response of different hypocotyl segments is described in many regeneration systems. It ranged from the highly responsive proximal part where hypocotyl sections adjacent to the cotyledon gave the highest number of shoots (Fári and Czako 1981; Shang et al. 2006; Sharma et al. 2011; Wang et al. 2011 ) to the hypocotyl culture where the bottom parts of the hypocotyl (closer to the root) produced more shoots (Nagori and Purihit 2004; Chen et al. 2008) . The different responses of hypocotyl segments may be due to variation in the endogenous concentration of PGRs in the mother plants of different plant species (George 1993; Ju et al. 2012) . Also, germination conditions of seeds such as temperature and light can significantly influence the subsequent morphogenetic response in culture in vitro. For instance, Muktadir et al. (2016) found that the response of hypocotyl segments (top, middle and bottom sections) was influenced by seed germination and culturing light pre-treatment.
The necessity of frequent changes of several different culture media during in vitro plant regeneration of Viola spp. was pointed out in several reports (Wang and Bao 2007; Naeem et al. 2013 ). Here, we showed very fast and efficient shoot induction from different seedling explants after 4 weeks of culture. All de novo formed shoots were further cultivated on ½MS PGR-free medium for elongation or ½MS medium supplemented with NAA and BAP for multiplication and two to three new shoots developed after 4 weeks of subculturing. There were no significant differences in shoot multiplication of V. cornuta between two used culture media. The PGR combinations NAA/BAP in a ratio 1:5 or 1:10 proved to be very efficient in shoot multiplication of Viola sp. (Wang and Bao 2007) .
Regenerated shoots of V. cornuta can be easily rooted on ½MS culture media without PGRs or supplemented with low concentration (0.1 mg/L) of different auxins (IAA, IBA and NAA, Fig. 2 ). After 8 weeks in culture, all derived plantlets were able to branch (Fig. 1i) regardless of the culture media (Fig. 2d) . Significantly higher rooting frequency (Fig. 2a) , average root number/plant (Fig. 2b) and length of the longest root/shoot (Fig. 2c) were observed in plantlets grown on medium supplemented with NAA. Also, a significantly higher number of nodal segments per shoot were recorded (Fig. 2e) and the highest length of shoots (Fig. 2f) was observed on this medium in comparison to other culture media. According to an analysis of all these parameters, we conclude that the best medium for rooting V. cornuta 'Lutea Splendens' shoots was ½MS medium supplemented with a low concentration of NAA. According to literature data, Viola sp. shoots can spontaneously develop roots on culture medium for shoot multiplication (Wang and Bao 2007) or be easily rooted after transfer to PGR-free medium or medium supplemented with IBA (Chalageri and Babu 2012; Vishwakarma et al. 2013) . Our results are in accordance with these data, since horned pansy shoots can be easily rooted by 8 week culture on PGR-free medium. Auxins are considered as main PGRs responsible for root induction in plants (Jarvis and Yasmin 1987) . We find that supplementation of rooting media with low concentration of NAA can significantly improve the rooting of shoots in horned pansy culture.
In vitro-derived plantlets were planted during July and were successfully acclimatized (96%) to greenhouse conditions and flowered in the next spring. According to the morphological characteristics of flowers, all in vitroderived plants resembled control plants grown from seeds directly. The plantlets achieved full physiological maturity, flowered (Fig. 1j ) and set seeds (Fig. 1k) .
Shoot tip cryopreservation
Shoot tips of V. cornuta are susceptible to PVS2 solution. Very low survival (21-24%) was achieved when shoot tips were dehydrated with PVS2 at room temperature or 4 °C prior immersion in LN. Further regrowth of shoots was blocked and only callus formation was observed. On the other hand, successful shoot regrowth and full recovery without callus interphase were achieved with PVS3-based cryopreservation (Fig. 1h) . The main difference between PVS2 and PVS3 solutions lies in their composition. PVS2 contains ethylene glycol and DMSO which penetrate the cell walls and membranes and cause thinning and spontaneous pore formation of the bilayer, increasing diffusion across the membrane (Hughes et al. 2013 ). In our study, a higher regrowth percentage was observed after PVS3 dehydration, mainly as a result of the osmotic effect of PVS3, because the cryoprotectants in this solution did not penetrate the cells (Hughes and Mancera 2014) . Cold acclimation prior to cryopreservation with PVS3 solution significantly improved the regrowth of cryopreserved V. cornuta shoot tips (Table 4 ). The preculture of shoots at 4 °C for a month prior to the vitrification procedure improved the post-thawing recovery of V. pilosa (Soni and Kaur 2014) . Cold acclimation was found to improve postcryopreservation recovery in many plant species (Reed 1990; Kulus and Zalewska 2014) . It increases the freezing tolerance in plants (Folgado et al. 2015) and can be a very useful step in the development of an efficient protocol for cryopreservation of violas and pansies. According to our procedure, 2 weeks of cold acclimation is sufficient for increasing the dehydration tolerance; on following the PVS3-based cryopreservation procedure, more than 60% of shoots recovered 1 month after retrieval from LN.
Clonal fidelity of regenerated plants
The presented protocol for shoot induction, multiplication and cryopreservation of horned pansy shoots provides a high (Fig. 3a) . Slazak et al. (2015) reported significant somaclonal variations induced by culture conditions and the type of organogenesis of V. uliginosa. Long-term indirect organogenesis (several months) on medium supplemented with 2,4-D gave the highest level of polyploidization. Slazak et al. (2015) suggested that more direct and fast methods for shoot induction should be preferred for micropropagation proposes even when the process is less effective. In our protocol, shoots were regenerated by indirect shoot organogenesis after short exposure (4 weeks) of petiole and hypocotyl explants to 2,4-D. Also, a high potential for shoot induction was achieved on medium supplemented with TDZ as a sole PGR in leaf culture without a long callus phase during shoot induction. Further cultivation and shoot multiplication were done by activation of axillary branching on medium without 2,4-D which increased the opportunity for high fidelity of regenerated plants (Fig. 1b) . Chromosome number remained stable in plants regenerated after cryopreservation (Fig. 3c) . According to the presented protocol for cryopreservation using the PVS3-based vitrification procedure, shoot regrowth of horned pansy was obtained without intermediate callus formation which implicates high clonal fidelity of regenerated plantlets after long-term storage. These findings might be useful for cryopreservation of valuable clones, mutants or obtained transgenic lines which can be stored long term without somaclonal variations. In vitro-derived horned pansy plantlets were acclimatized in greenhouse conditions and grown to new flowering season to get seeds. No variations in plant, flower or seed morphology were noticed in a population of in vitro-derived plants in comparison to plants derived from seeds. The presented study might be very useful for micropropagation of valuable cultivars and varieties, in genetic engineering studies and in long-term storage of this species and other Viola spp.
